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REAL TIME DIVERGENCE MEASUREMENT
FROM SINGLE DOPPLER RADAR

1. INTRODUCTION

Mesoscale convergence is generally thought to influence subsequent convective

development and should provide a valuable forecast tool.] Chen and Orville 2

conclude that knowledge of the mesoscale convergence field will be needed to fore-

cast cloud scale convection for three to six hours in advance. In previous analy-

ses of mesoscale convergence, measurements have been made from a surface and/or

sounding network 3 ,4 or from multiple Doppler radar observations. 5 Because these

approaches require elaborate coordination or extensive computation, they are not

now convenient for real time application.

Divergence fields can be measured with a single Doppler radar if some sim-

plifying assumptions about the temporal and spatial variation of the wind field

(Due to the large number of references cited above, they will not be listed here.
See References, page 36).
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can be made. A number of studies have been made using various assumptions, as

summarized by Waldteufel and Corbin. 6 (For simplicity, divergence will be used

hereafter with the understanding that negative values are important.) Based on

these studies, the most viable assumptions for divergence measurement appear to

be that of a time invariant (over the scanning period), spatially linear wind

field.

This report presents an algorithm for mesoscale divergence measurement with

a single Doppler radar based on these assumptions. The theoretical development,

presented by Koscielny et al. 7 is summarized in section 2. A Fortran implementa-

tion of this algorithm is discussed in section 3. The results of an application

to a widespread convective precipitation case is presented in section 4.

2. LINEAR WIND FIELD MEASUREMENT

The measurement of the components and/or derivatives of the linear wind

field from radial velocities is discussed by Koscielny et al. 7 The measured

radial velocity vr can be modeled by the linear regression equation

Vr = Pm Km + C (1)

where Pm is a row vector of m regressor variables that are functions of range r,

azimuth *, and elevation Oe; Km is a column vector of m corresponding parameters

of the linear wind field. The measured vr, a reflectivity weighted mean of

radial velocities within the radar's resolution volume, can contain errors

due to nonuniform reflectivity, measurement error, targets such as hydrometeors

moving relative to the wind, and nonlinearity of the wind.

6. Waldteufel, P., and Corbin, H. (1979) On the analysis of single Doppler data.
J. Appl. Meteor., 18, pp 532-542.

7. Koscielny, A.J., Doviak, R.J., and Rabin, R. (1982) Statistical consider-
ation in the estimation of divergence from single Doppler radar and
application to prestorm boundary layer observations. J. Appl. Meteor.,
21, pp 199-210.



Collecting n measurements into a column vector Vn, a least squares estimate

of Km can be computed by

Km [Pnm Pnmj 1l LPnm Vn] (2)

where t indicates transpose and Pnm is an nxm matrix of the regressor variables

corresponding to the n radial velocity measurements in Vn. The covariances of

the estimate Km about Km are given by

Cm = [Pm Pnm]-I . (3)

where (E 2 is the variance of c. a 2 can be estimated by the residual sum of

squares

s2 = (n-m)- l En En (4)

where

En = [Vn - Pnm Km]

A linear wind field analysis is done by fitting (1) to a suitably chosen

set of radial velocities. This set is usually chosen to lie within a spatial

volume termed the analysis volume. The shape of the analysis volume has not

been specified but the parameters included in Km will usually place some restric-

tions on it so they can be estimated by (2) with sufficiently small errors.

2.1 DIVERGENCE MEASUREMENT

For divergence measurements, ux and vy are included, where, for example, ux

is the partial derivative of u in the x direction. To estimate ux and vy with

reasonable accuracy, the analysis volume should cover at least 20 km in both the

x and y directions. If data for a constant elevation angle is used, the radial

velocity will contain variations due to the vertical gradients of the linear wind

field. Thus the analysis volume must include data for at least two elevation

8



angles so the vertical variations of wind can be measured. Seven parameters (uo,

Ux, Uz, Vo, Vy, Vz, Uy + vx ) will be included in Km.

Four parameters of the linear wind field (wo, wx, wy, wz ) have been

neglected. For low elevation angles (<l1. 2*) the bias in the divergence esti-

mate is negligible (<10 -5 s-1) if wo < 1 m s-1; wx, wy < 10-2 s-1; wz < 10
- 1 s-1 .

(However, estimates of the other parameters, such as uo and vo, could be signifi-

cantly biased by neglected vertical terms.)

2.2 REAL TIME EXPEDIENCIES

The algorithm is designed for application to two low elevation angles.

Since radar observations are usually made on a tilt sequence of several eleva-

tion angles, the algorithm would be executed at about ten minute intervals. To

keep execution time to less than ten minutes, two simplifications are used.

2.2.1 ANALYSIS VOLUME DESIGN

As noted earlier, the shape of the analysis volume is somewhat arbitrary.

Two elevation angles are needed and some evaluations of (3) with nominal values

show that it should be at least 300 in azimuval width. For this application,

data is divided into adjustable sectors of azimuthal width Ap and range length Ar,

as shown in Figure 1. This simplification (i.e., a rectangular volume in polar

coordinates) minimizes the data management needed to collect the radial velocities

for a given analysis volume.

2.2.2 RANGE INTERVAL AVERAGING

A second simplification is the averaging of radial velocities over short

range intervals. In computing the least squares estimates (2), m regressors

Pm are evaluated for each of the n radial velocities. The regressors are sine

cosine products. For a typical case of an analysis volume 300 x 30 km with

2 elevations, a radial spacing of 1° and a gate spacing of 150 m, n =12000.

Most of the computation in evaluating (2) is for the regressors.

9
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However, the radial velocity for a linear wind field is, except for the

earth curvature term, a linear function of range. For short range intervals

(-10 kin) the curvature term can be neglected and the radial velocities averaged

to give a value representative at the midpoint. Linear wind analysis of the

averaged data will give results nearly identical to those for the original data.

2.3 SCALES OF MOTION REPRESENTED BY THE LINEAR WIND ANALYSIS

This divergence measurement is made assuming constant divergence over the

analysis volume. The atmosphere, however, contains all scales of motion and the

constant divergence assumption is accurate for phenomena large compared to the

dimensions of the analysis volume. For the present application, this would be

scales of 200 km or longer.

The representation of a sinuzoidal divergence field by a constant is con-

sidered in detail in Appendix A. It is shown that the divergence values are

increasingly attenuated with shorter wavelengths of a sinsoidal field. Because

the sectors are of constant azimuthal width, the minimum scale depends on range.

Thus the linear wind analysis accurately measures the larger scale ( 20U kin)

divergence but attenuates scales between about 40 km and 200 km.

3. A REAL TIME DIVERGENCE MEASUREMENT PROGRAM

DIVERGE is a Fortran implementation of the divergence measurement algorithm.

DIVERGE can be divided into three consecutive segments:

(1) DIVDATA - collect, edit, average, and store radial velocity

data for two low elevation PPI's,

(2) DIVLWA - divergence measurements through linear wind analysis

for small sectors,

(3) DIVPLT, DIVPRT - plot and/or print analysis results.

Figure 2 shows the flow of data through the DIVERGE program.
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Figure 2. Flow chart for DIVERGE program.
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3.1 DIVDATA

The linear wind analysis uses least squares estimation and therefore

requires unfolded and edited radial velocity data. Much of the DIVDATA routine

depends on specifics of the application and the following description of the

routine for processing NSSL's Norman Doppler data is intended to provide an

example. A flow chart of DIVDATA is shown in Figure 3.

3.1.1 VELOCITY UNFOLDING

There are several velocity unfolding techniques, but none are completely

adequate. For programming simplicity DIVDATA uses a technique described by

Hennington, 8 which uses an independent estimate of a uniform wind speed and

direction. The wind estimate is usually made from a subjective interpretation

of the radial velocity display.

3.1.2 EDITING

DIVDATA uses spatial coherency of the radial velocities as a basis for

editing. The radial velocities for the range averaging interval are passed to

a subroutine EDMEAN. EDMEAN computes a histogram of these velocities. Values

at zero are considered ground clutter and ignored. The nonzero mode of the

histogram is a first guess of the average radial velocity. Velocities too far

from this average value are discarded as being outliers and the average of the

remaining data computed. A check for random velocities (noise) is made by

requiring that the frequency count for the mode be greater than some specified

minimum. If EDMEAN is unable to compute an average, it returns a missing value

code. (This editing procedure is still being developed and the values of the

various criteria are not firmly established.) The editing and averaging is thus

combined.

8. Hennington, L. (1981) Reducing the effects of Doppler radar ambiguities.
J. Appl. Meteor., 20, pp 1543-1546.
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3.1.3 STORING AVERAGED VELOCITIES

The averaged radial velocities for a given radial are stored on disc for the

analysis routine. In the current setup, a 10 azimuthal spacing is assumed. To

facilitate the later data access by DIVLWA, a direct access file (shown in Figure 2

as VAVG.DTA) is used. 720 records are allocated and the azimuth angle is trun-

cated to give the record number. The lower elevation PPI is stored in records

1-360 and the upper one in records 361-720. Because there may not be any data

for some of the azimuths, the file is initialized to a missing value code. The

azimuth spacing is never exactly 10, so occasionally, a record will be overwritten.

3.1.4 DIVDATA TERMINATION

DIVDATA uses a radial counter to determine when data collection is complete.

On completion, DIVDATA closes the output file and terminates.

3.2 DIVLWA

The analysis routine has four functions:

1. set up overlapping analysis volumes,

2. collect the appropriate average data,

3. perform a linear wind analysis,

4. store the divergence measurements and some quality control

statistics [standard error of estimate, root mean square

error about the linear model (rms)],

as shown in the flow chart in Figure 4.

The first two functions are easily done since the input data is the direct access

file VAVG.DTA. Once the sector limits ire specified, data record limits are known

and the appropriate data read using direct access read.

3.2.1 LINEAR WIND ANALYSIS

Before the wind analysis, DIVLWA checks if there is adequate data

for an accuratp The actual spread of azimuths and the number of good

data are comput if these are above preset minimums is the analysis done.

15
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The linear wind analysis is done by the subroutine RLTDIV. RLTDIV is

documented internally by comments; a flow chart and list of variables is in

Appendix B. RLTOIV contains only straightforward computation for evaluating

(2). The only error is for a zero determinant, which generally indicates a

serious problem with the input data to RLTDIV (such as all azimuth angles being

identical).

3.2. ANALYSIS RESULTS

The number of data used, estimated linear wind parameters, rms, and the

divergence and its standard error are written to a print file which can be

printed with a PRINT DIVLWA.PRT. The divergence, its standard error, and the

rms are written to a data file (DIVLWA.SAV) for use by the display module.

3.3 DISPLAY PROGRAMS

Two programs are available for displaying the results of the linear wind

analysis. DIVPRT is a rather unsophisticated routine that prints a contour map

on the line printer. The divergence estimates, on a polar grid centered at the

radar, are interpolated to a 21 x 21 rectangular array using the bivariate inter-

polation routine IDSFFT described by Akima.9 The inscribed circle in the

array is then contoured.

DIVPLT uses the NCAR graphics software described by McArthur lO to draw

a contour map. The divergence measurements are read into an array and thus

represent gridded value on a polar coordinate system. A missing value indicator

is used so the contouring routine CONREC does not draw contours where divergence

measurements could not be made. The contour coordinates are then transformed

from polar to rectangular as described by McArthur10 (Appendix B). The NCAR

9. Akima, H. (1978) A method of bivariate interpolation and smooth surface
fitting for irregularly distributed data points. ACM, Trans. on
Math. Software, 4, pp 148-159.

10. McArthur, G.R. (1981) The SCD graphics utilities, NCAR Technical Note
TN/166 + IA.

17
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graphics software writes to a metacode file that can be directed to a variety of

plotting devices. The flow chart for DIVPRT and DIVPLT are shown in Figure 5.

4. AN APPLICATION TO WIDESPREAD PRECIPITATION DATA

An attempt was made to test DIVERGE on a stratiform precipitation case from

the CHILL radar for January 22, 1982. However, the radial velocity data con-

tained a large portion of bad values, apparently due to a bit hang problem in the

pulse pair processor. Because the anticipated rewards did not seem commensurate

with the rehabilitation effort for this data, a data set collected with the

Norman Doppler radar for April 9, 1978, was used for testing.

The meteorological conditions for April 9 were widespread convective precip-

itation. Although the linearity assumption would apply better to a stratiform

precipitation case, this data will be adequate for testing. In addition, a

technique for examining the appropriateness of the linearity assumption can be

illustrated on this data.

4.1 METEOROLOGICAL CONDITIONS

The synoptic situation on April 9 was conducive to thunderstorm development.

The presence of a surface boundary in western Oklahoma, adequate low level mois-

ture, diffluence at 500 mb, and the approach of a moderate short wave were the

factors favorable for severe storm development. However, weak meridional winds

and moisture at 700 mb decreased the possibility of tornadic storms.

Joint Doppler Operational Program1 1 operations began at 1400 CST, after

convection had begun. During the afternoon and early evening, there were high

winds and hail in western Oklahoma but no confirmed tornadoes. Much of the

severe weather was due to a large thunderstorm to the west of Norman. It had

been tracked by JOOP personnel from 1407 CST. Movement was eastward at about

11. JDOP Staff (1979) Final report on the Joint Doppler Operational Project
(JOOP), 1976-1978. NOAA Tech. Memo. ERL NSSL-86, 84 pp.
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40 km hr-1 (11 m s-1). In its later stages, this storm had a large scale circu-

lation signature. The storm weakened considerably after 1800 CST and the severe

weather advisories were discontinued at 1847 CST.

The times selected for testing the DIVERGE program are 1732 CST and 1847 CST.

The reflectivity fields for these times are shown in Figures 6 and 7 for a Q.*

elevation and the radial velocity fields in Figures 8 and 9 for 0.50 and 0.90

elevations. At 1732 the large thunderstorm is located at about 2600/95 km from

Norman and at 1847 has moved to 2700/40 km. There is adequate signal for velocity

measurement over about half the PPI (to 115 kin) at these times. The radial veloc-

ity fields show the wind is generally from the south. The large circulation signa-K

ture associated with the thunderstorm can be seen at both times (1732 and 1847) and

both elevation angles.

4.2 DIVERGENCE MEASUREMENTS

Data at the elevation angles 0.* and Q.9* were selected for analysis. The

tilt sequences contain a lower elevation angle (0.20) but it is unsuitable because

of beam blockage. The radial velocity data between 30 km and 115 km (138 km for

1732 CST) were edited and averaged by the EDMEAN subroutine as described in

section 3.1.2. The number of range gates averaged was 45, corresponding to a

range interval of 6.75 km (8.1 km for 1732). The interval for the histogram anal-

sis was 2.0 in s-1; minimum number of good data 5; no minimum count for the mode.

Visual inspection of the velocity data showed no folded velocities so no unfolding

was done. The signal to noise threshold was 5 dB and the relative suppression

(for expanded mode) was 10 dB.8  The averaged values, along with' some housekeeping

information were stored in the direct access files VAVG4091.SAV and VAVG4092.SAV.

The linear wind analysis program DIVLWA was run using these files as input

data. The divergence measurements are shown in Figures 10 and 11 for 1732 and 1847,

respectively. Values of divergence, the standard error of the measurement, and

the root mean square (ins) of the residuals are given in Table 1.

20
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Table Ia. Linear Wind Analysis Results for 1732 CST, April 9, 1978.

Center of Analysis Volume0
Azmuh aElevation Divergence ~ d 1RMS

Aiuh Rn e Angle (10-5 s-i) (10-5 S-) (11 S-l)
degrees) (kin? (degrees)

75 42.3 0.6 -3 14 0.99
85 66.6 0.6 2 9 0.81
95 42.3 0.6 39 13 0.90
95 66.6 0.6 30 7 0.83
105 66.6 0.6 9 5 0.82
115 66.6 0.6 8 6 0.64
265 66.6 0.6 -185 20 3.31
265 90.8 0.6 -159 14 3.46
265 115.1 0.6 26 7 1.75
275 66.6 0.6 -17 5 1.00
275 90.8 0.6 -15 10 2.50
275 115.1 0.6 -39 13 1.89
285 42.3 0.6 21 3 0.36
285 66.6 0.6 21 6 1.13
285 90.8 0.6 0 8 1.88
285 115.1 0.6 -47 30 2.25
295 42.3 0.6 -4 13 0.75
295 66.6 0.6 -28 5 0.96
295 90.8 0.6 12 6 1.51
305 42.3 0.6 -112 17 1.04
305 66.6 0.6 -23 5 0.98
305 90.8 0.6 -8 5 1.29
315 66.6 0.6 -1 7 1.21
315 90.8 0.6 19 7 1.66
315 115.1 0.6 30 40 2.25
325 66.6 0.6 -13 8 1.36
325 90.8 0.6 67 7 1.56
325 115.1 0.6 -17 17 1.88
335 66.6 0.6 -13 10 1.76
335 90.8 0.6 11 7 1.72
335 115.1 0.6 12 7 1.51
345 66.6 0.6 10 13 1.83
345 90.8 0.6 3 8 1.87
345 115.1 0.6 1 5 1.38
355 66.6 0.6 50 16 2.05
355 90.8 0.6 58 10 2.24
355 115.1 0.6 16 5 1.30
365 90.8 0.6 61 12 2.30
365 115.1 0.6 28 5 1.19
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Table lb. Linear Wind Analysis Results for 1847 CST, April 9, 1978.

Center of Analysis Volume
Elevation Divergence d RMS

Azimuth Ran e Angle (1u-5 s-1) (10-5 s -l)  (m s- l)

degrees) (km? (degrees)

15 40.1 0.8 4 15 1.13
15 80.6 0.8 -13 15 2.62
15 100.8 0.8 62 12 1.63
25 40.1 0.8 -3 15 1.04
35 40.1 0.8 18 12 0.97
45 40.1 0.8 38 7 0.73
55 40.1 0.8 -2 8 0.84
55 60.4 0.8 12 7 0.90
65 40.1 0.8 -9 7 0.78
65 60.4 0.8 -4 5 0.75
65 80.6 0.8 -2 6 0.57
75 40.1 0.8 24 9 0.93
75 60.4 0.8 -4 7 1.07
75 80.6 0.8 -3 5 0.56
85 40.1 0.8 -10 8 0.85
85 60.4 0.8 20 6 1.04
85 80.6 0.8 -6 4 0.69
95 40.1 0.8 29 8 0.88
95 60.4 0.8 25 6 1.00
95 80.6 0.8 -22 5 0.84
105 40.1 0.8 5 7 0.76
105 60.4 0.8 -19 5 0.91
105 80.6 0.8 -40 5 0.93
105 100.8 0.8 -4 7 1.39
115 40.1 0.8 30 6 0.64
115 60.4 0.8 35 5 0.81
115 80.6 0.8 12 5 1.03
115 100.8 0.8 -14 9 1.49
125 40.1 0.8 44 5 0.51
125 60.4 0.8 -0 5 0.82
125 80.6 0.8 -19 5 1.03
125 100.8 0.8 19 7 1.22
135 40.1 0.8 9 5 0.53
135 60.4 0.8 -25 4 0.70
135 80.6 0.8 -1 3 0.81
135 100.8 0.8 16 4 0.82
145 40.1 0.8 27 10 0.93
145 60.4 0.8 -25 5 0.74
145 80.6 0.8 -14 3 0.64
145 100.8 0.8 3 3 0.86
155 40.1 0.8 -25 17 1.28
155 60.4 0.8 -2 8 0.93
155 80.6 0.8 7 4 0.81
155 100.8 0.8 0 4 1.00
165 80.6 0.8 -1 8 1.51
165 100.8 0.8 -19 4 1.04
175 80.6 0.8 -34 12 2.42
175 100.8 0.8 23 4 0.99
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Table lb (cont.). Linear Wind Analysis Results for 1847 CST,
April 9, 1978.

Center of Analysis Volumeo
Elevation- Diergence RMS

Azimuth Range Angle (10-5 s-i) (10-5d sl_) (m S-1)
degrees) (km?) (degrees)

235 40.1 0.8 -24 23 1.7?
245 40.1 0.8 11 14 1.66
245 60.4 0.8 48 9 1.03
255 40.1 0.8 52 11 1.29
255 60.4 0.8 72 7 1.16
255 80.6 0.8 22 6 0.86
265 40.1 0.8 126 16 1.92
265 60.4 0.8 70 9 1.50
265 80.6 0.8 30 5 1.14
265 100.8 0.8 -8 9 1.97
275 40.1 0.8 58 18 2.03
275 60.4 0.8 36 10 1.62
275 80.6 0.8 66 8 1.60
275 100.8 0.8 80 13 2.15
285 40.1 0.8 -61 18 1.93
285 60.4 0.8 -51 10 1.62
285 80.6 0.8 5 10 1.98
285 100.8 0.8 58 25 2.02
295 40.1 0.8 -89 13 1.39
295 60.4 0.8 -35 9 1.41
295 80.6 0.8 7 9 1.86
305 40.1 0.8 -68 12 1.19
305 60.4 0.8 -22 7 1.16
305 80.6 0.8 -11 7 1.47
315 40.1 0.8 35 17 1.71
315 60.4 0.8 8 8 1.17
315 80.6 0.8 -13 7 1.48
315 100.8 0.8 -37 23 1.99
325 40.1 0.8 31 16 1.74
325 60.4 0.8 10 12 2.03
325 80.6 0.8 -44 9 1.91
325 100.8 0.8 21 14 2.32
335 40.1 0.8 -93 14 1.20
335 60.4 0.8 -28 11 1.99
335 80.6 0.8 -31 10 2.18
335 100.8 0.8 61 10 2.55
345 40.1 0.8 4 12 1.24
345 60.4 0.8 -33 14 2.01
345 80.6 0.8 -7 11 2.44
345 100.8 0.8 -9 10 2.61
355 40.1 0.8 107 17 1.43
355 60.4 0.8 19 7 0.91
355 80.6 0.8 -43 12 2.47
355 100.8 0.8 -10 10 2.38
365 40.1 0.8 -13 26 1.46
365 80.6 0.8 1 12 2.48
365 100.8 0.8 67 8 1.52
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The analysis for 1732 could not be applied except to the northwest quad-

rant. This is due to range folding and/or low signal and the constraint that

an analysis volume should be at least 280 wide. The analysis shows strong con-

vergence (-1-3 s-1) along the 2700 radial, which coincides with the location

of the storm complex. There is a large value of convergence at 3Q50, 38 kin;

this is probably due to ground clutter contamination of the radial velocities.

At 1847, more data is available for analysis. There is an area of diver-

gence associated with the storm complex to the west, with only a small area of

convergence (-5 x 10-4 s-1) near the maximum reflectivity. The predominance of

divergence is in qualitative agreement with the dissipation of the storm after

1847.12 There is an area of small convergence (-5 x 10-4 s-1) to the northwest

and convective cells have developed here since 1732.

4.3 LINEARITY OF THE VELOCITY FIELDS

As noted earlier, with the presence of strong convection the assumption of

spatial linearity is likely to be inaccurate. There are several techniques that

can be applied to the residuals from the linear fit to assess the accuracy of the

linear assumption.1 An easy and effective one is to plot the measured velocities

yr against the modeled velocities ^r- Systematic deviations from linearity are

then apparent on inspection of the plot.

A program RESIDUAL was written to produce plots Of vr vs r using the NCAR

graphics package. The residuals from the linear wind analysis were examined at

300 intervals, and a worst and best case are shown in Figures 12 and 13, respec-

tively. Figure 12 is for an analysis at 1732 CST, 2650/66.6 kmn, which is at the

leading edge of the storm complex where a gust front is producing high shear

values. Because the gust front is small compared to the analysis volume, the

12. Burgess, D.W. (1983) Personal communication.

13. Draper, N.R., and Smith, H. (1966) 'Applied Regression Analysis,
John Wiley and Sons, New York, 407 pp.
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Figure 11. Divergence for 1847 CST.
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Figure 12. Radial velocity data for an analysis
volume at 2650, 66.6 km for 1732. Measured radial
velocity is plotted against the linearly modeled radial
velocity, denoted by +. Solid line is a perfect linear
relationship.
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wind field deviates from linearity. In spite of the deviation, the linear anal-

ysis gives reasonable values of convergence (-lO -3 s-1).

Figure 13 is for 1732 CST, 2850/42.3 km, which is northeast of the storm.

The linear model fits very well here and the rms is small (0.36 m s-1).

This plotting technique for testing the linearity assumption is sufficient

for research purposes. For operational use, there would simply be too many

plots to produce and examine. There are test statistics for adequacy of the

linear model13 and further research in this area is needed.

5. SUMMARY AND CONCLUSIONS

An algorithm for linear wind field analysis suitable for real time applica-

tion has been described. This algorithm uses range averaging over rather long

(-7 km) intervals to reduce the number of computations needed. The use of linear

wind analysis assumes the dominant spatial scales are large compared to the

analysis volume and the averaging over range is consistent with this assumption.

A Fortran implementation (DIVERGE) of this algorithm has been described.

DIVERGE is divided into data collection, analysis, and display segments. Only

the data collection portion is under real time constraints. The program requires

less than 300 kilobytes of memory and will execute in less than 10 minutes.

DIVERGE was applied to data from the Norman Doppler radar for April 9, 1978.

Because of the convective nature of the precipitation, this data provides a severe

test for the algorithm. The divergence measurements are consistent with other

observations about the evolution of the storms. A technique for testing the

linearity of the velocity field was used and further research recommended.
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Appendix A

Effects of Applying a Linear Approximation to Sinusoidal Phenomena

Let f(x) = A cos (kx+f) represent the phenomena we are trying to model,

where A is the amplitude, k = 2r/L is the wave number, L is the wavelength,

and c is some arbitrary phase angle. f(x) is approximated by a linear

least square fit over the interval - X - , as shown in Figure A.l. To

least squares fit the line a + kbx, the quantity

2
F(k,x) f. [f(x)-(a+kbx)] dx A.)

2

is minimized. Setting the partials of F with respect to a and b to zero and

solving gives

a = A cos€ sin 7T A.2
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Figure A.1 Linear least squares approximation
of a cosin~e wave.
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kb = A ksin - [iRc cos 7Ti - sin 7 1A.]

ITI

(TI )

where f.= - is the fraction of a wavelength that is being approximated.L

The true derivative of f(x) has a sinusoidal variation,

fx - A k sin (kx + )

and its value at x=O is -Ak sin 4.

Taking the ratio of kb to fx(x=O) gives

kb 3[sin 7rc - 7rC cos ]A.4
R( -: - fx(xO) 

=  

.)
3

R(,) is shown in Figure A.2. For wave fractions less than 0.1, the least

squares slope is a good representation of the first derivative. Between 0.1 and

1, the least squares slope is increasingly attenuated. For wave fraction greater

than 1, there are negative lobes with the maximum amplitude of 0.08.

40



RESPONSE TO SINE WAVE
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Fiqure A.2 Response of the least squares slope
estimate to a sine wave. Wave fraction is the
ratio of the fitting interval (X in Fiqure A.l)
to the wavelenqth L.
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Appendix B

Documentation for RLTDIV Subroutine

A - (REAL, SCALAR) x coordinate (meters) of analysis volume center.
AE - (REAL, SCALAR) 4/3 earth radius in meters.
AMSVL - (REAL, SCALAR) missing value code - value larger in absolute value

are missing.
AZ - (REAL, SCALAR) temporary azimuth, in radians.
AMC - (REAL, SCALAR) center azimuth in radians.
AZM - (REAL, ARRAY) azimuths of input data in degrees.
8 - (REAL, SCALAR) y coordinate in meters of analysis volume center.
C - (REAL, SCALAR) z coordinate in meters of analysis volume center.
CENTER - (REAL, ARRAY) input center of analysis volume-azimuth (degrees),

range (kin), elevation (degrees).
COSPE - (REAL, SCALAR) cosine of elevation angle modified for earth's

curvature.
COST - (REAL, SCALAR) cosine of current azimuth angle.
DET - (D.P., SCALAR) determinant of PtP matrix.
DGRD - (REAL, SCALAR) conversion for degrees radians.
DIV - (REAL, SCALAR) divergence measurement (s-1).
EL - (REAL, SCALAR) current elevation angle in radians.
ELC - (REAL, SCALAR) center elevation angle in radians.
ELCE - (REAL, SCALAR) center elevation modified for earth curvature, in

radi ans.
ELV - (REAL, ARRAY) elevation of input data in degrees.
ELVOLD - (REAL, SCALAR) last elevation angle processed, in radians.
EPS - (REAL, SCALAR a small quantity.
GR - (REAL, SCALAR ground range in meters.
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I - (INT2, SCALAR) general purpose index
IRAD - (INT2, SCALAR) index for radials
IRNG - (INT2, SCALAR) index for range gates
IV - (INTI, SCALAR) index for input velocities
J - (INT2, SCALAR) general purpose index
K - (INT2, SCALAR) general purpose index
L - (INT2, SCALAR) general purpose index
MP - (INA4, SCALAR) number of parameter in linear wind model
NRAD - (INA4, SCALAR) number of radials in input data
NRNG - (INA4, SCALAR) number of range gates in input data
NV - (INT1, SCALAR) counter for good values of velocity
NVR - (INT2, SCALAR) total number of values in oVR
PARM - (D.P., ARRAY) parameters of linear wind field
PHIC - (REAL, SCALAR) earth curvature angle in radians
PHICO - (REAL, SCALAR) earth curvature angle for analysis volume center
PRED - (REAL, ARRAY) regressor variables
PTP - (D.P., ARRAY) sums of squares and cross products of regressor

variables
PTV - (D.P., ARRAY) sum of cross products of regressor variables and

radial velocities
RANGE - (REAL, SCALAR) range in meters
RGC - (REAL, SCALAR) range to center of analysis volume in meters
RMSERR - (REAL, SCALAR) root mean square of redial velocities about the

linear model

RNG - (REAL, ARRAY) ranges for input data in km
RSQ - (REAL, SCALAR) r2 statistic for significance of regression.
SINP - (REAL, SCALAR) sine of modified elevation angle
SNIPE - (REAL, SCALAR) dummy argument for statement function
SINT - (REAL, SCALAR) sine of azimuth angle
ST - (REAL, SCALAR) temporary store
STDDIV - (REAL, SCALAR) standard error of divergence measurement
STORE - (REAL, SCALAR) temporary store
SUM - (D.P., SCALAR) general summation
SUMMN - (REAL, SCALAR) summiing location for r2 calculation
SUMSQ - (REAL, SCALAR) summing location for r2 calculation
VMAG - (REAL, SCALAR) typical value of radial velocity
VR - (REAL, ARRAY) input radial velocities, stored radial by radial
WORK - (REAL, ARRAY) work space of length MAX (9, NRNG)
DMINV - (SUBROUTINE) Double precision matrix inversion
HEIGHT - (FUNCTION) Height of radar beam for a 4/3 earth
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